I. Introduction
The three-component ionic microemulsion system made of anionic surfactant, sodium di-2-ethylhexylsulfosuccinate (AOT), water and decane are rather unique among other popular microemulsion systems because, near room temperature, it does not show the well-known 2-3-1 phase progression, the well-known signature of a typical microemulsion system, as the surfactant concentration is increased from zero to more than 10%. The reason is that around the room temperature the surfactant film, consisting of AOT molecules, possesses a spontaneous curvature toward water due to hydrophilicitylipophylicity imbalance of AOT molecules in this temperature range. Thus one finds in the ternary phase diagram a large one-phase region, called L2 phase, extending from the decane corner into the middle of the phase triangle. In the L2 phase the microemulsions consist of water doplets, coated by a monolayer of AOT, dispersed in decane. Previous SANS experiments verified that the average radius <R> of the water droplets is determined essentially by the molar ratio of water to AOT, called W, in the system. An approximate empirical relationship between the radius aqd W is: <R>= (3/2)W. Thus, for W=40., the average water droplet radius is about 60 A [I] . This water-in-oil droplet structure is maintained even if the volume fractions of water and oil are equal [2] , provided the temperature is below 25 degrees centigrade. This case is in sharp contrast to the common situation that, for equal water and oil volume fractions, the microstructure of one-phase microemulsions were generally found to be bicontinuous [3, 4] . Even for the AOT/water/decane system, when small amount of salt (NaC1) is added, the common 2-3-1 phase progression is obtained at around the hydrophile-lipophile balance temperature of 40 degree centigrade [5] and a SANS experiment in the one-phase channel at this temperature conclusively showed that the microstructure is bicontinuous [6] . This unusual droplet structure in the ternary AOT/water/decane system can, however, be used to realize an interesting coexistence of a critical phenomenon at low volume fractions and high temperatures and a percolation phenomenon at high volume fractions and lower temperatures. In fact, this is a rare situation in which one can study, in a real system, the analogy, in both the static and dynamic properties, between approaching the critical point and percolation point from below. We shall exploit and stress this analogy throughout in this paper. Figure 1 shows the T-@ phase diagram of AOT/HzO/decane system when the water to AOT molar ratio W=40.8. Substitution of Hz0 by D20 will merely shift all the phase boundaries up by about 2 degrees. @ denotes the volume fraction of the dispersed phase, in this case the AOT plus water. In the diagram, one sees a one-phase ( L2 ) region below 40 degree centigrade. In the interval of @ between zero and 0.4, there is a cloud point curve separating the one-phase droplet microemulsions from two-phase droplet microemulsions. A previous SANS experiment established that the average droplet sizes and their size distributions are within the experimental error identical in the one-phase and two-phase regions [I] . The critical volume fraction is approximately 0.1 and the critical temperature is 40 degrees [7] in H20. Above the volume fraction of 0.4 there is phase boundary between the L;! and a lamellar phase where the microstructure is ordered and bicontinuous in water and decane. The novelty of this phase diagram is, however, the existence of a percolation line, extending from the critical point all the way to higher volume fractions, gradually decreasing in temperature to about 23 degrees at @=0.7. Below the percolation line the microemulsion is non-conducting but above the percolation line it becomes conducting. In crossing the line, the conductivity increases by over five orders of magnitude. Figure 2 shows a set of logarithm of conductivities o as functions of T and +.
One sees clearly a set of steeply rising sigmoidal curves that can be used to define a set of loci {Tp,@p} in terms of their inflection points. The asymptotic behavior of conductivity near the threshold, at a given Q, can be expressed as: coming up from below, and going down from above. The exponents s' and t have been determined experimentally to be 1.2+0.1 and 1.9k0.1 respectively [8] . The exponents are the same when T is fixed but @ is varied [a] . The exponent sf, determined from conductivities below the threshold, agrees with the value of the index proposed in the so called dynamic percolation theory [9, 10] , which is distinct from the standard static percolation exponent s = 0.73 [Ill. On the other hand, the exponent t deduced from data above the threshold agrees with the static or geometric percolation theory [Ill. In the theory of dynamic percolation, the conduction of electricity is conjectured to be mediated by charge carriers (presumably the sodium counterions from the AOT molecules) which migrate rapidly among microemulsion droplets forming transient fractal clusters, due to a short range attractive interaction between the droplets. The percolation threshold is defined theoretically to be a point where the average cluster size becomes infinity, namely, when at least one cluster spans the entire sample. Note, for this definition, finite conduction can occur already below the threshold because even there an infinite cluster can exist. We have thus a well-established experimental evidence that the percolation in AOT/water/decane system in the L2 phase is associated with a clustering phenomenon.
The phase diagram that we depict in Fig.1 should therefore be obtainable from the standard liquid theory with a reasonable definition of the percolation. We shall outline one such theory in the next section.
11.
The Phase Diaeram Accordinv -to Baxter's Stickv Svhere Model A reasonable model for a microemulsion in L2 phase is to regard it as a collection of spherical colloidal particles of an average radius <R> interacting among one another via a short-range attractive pair-potential. This pair-potential can, for example, be a square-well potential with a hard-core diameter of a, plus an attractive tail of depth -E and a width A.
The liquid theory with a square-well potential in general can not be solved in an analytical form except for a limiting case in which E tends to infinity and A to zero in such a way that the contribution to the second virial coefficient exists. This limiting potential is called Baxter's sticky sphere potential. Specifically, the pair-potential is of the form:
where /3 = l/kBT, a the outer diameter and o the inner diameter of the attractive well. It is understood that the limit o-->a is to be taken in the calculation. From our discussion above, it is obvious that a = 2<R>. The single dimensionless parameter z is called the stickiness parameter. The sphere is stickier the smaller z is. In the limit z tends to infinity, the pair potential reduces to a hard sphere potential. By equating the respective second virial coefficients, one can map the square-well potential into an equivalent sticky sphere potential in the following way:
We assume here a>>A. It is seen that 1 / 2 is larger the larger A or E is.
Baxter showed that [12] the Ornstein-Zernike equation using this sticky pairpotential can be solved analytically in the Percus-Yevick approximation [13] . The PY approximation in this case amounts to a reasonable ansatz that the direct correlation function c(r)=O outside the range of the potential a. Combining this ansatz with the exact boundary condition for hard spheres that the pair-correlation function g(r)=O inside the hard core a, the direct correlation function inside the hard core can be found. Thus one can obtain an analytical form of the three-dimensional Fourier transform of the direct correlation function c(k) as a function of the volume fraction of the spheres q and the stickiness parameter 2. Here, q = pa3x/6, and p is the number density of the particles. In comparing the theory with experiments for the scattering intensities, we shall identify with @. However, for comparison of the measured phase diagram with Baxter's theory we shall chose q=1.7@. This amounts to choosing a distance D between two percolating spheres 19% larger than the diameter of the average sphere. The reason for this is that in a continuum percolation theory there is no particular requirement for two spheres to be connected only when they are in close contact.
First, the inter-particle structure factor S(k) is calculated from the relation:
From the limiting value S(k-->O) = ~~B T x~ we can get the isothermal compressibility XT. By integrating xT with respect to the number density, one obtains the compressibility equation of states:
where the parameter h is given by the smaller real root of:
From the equation of states, one finds the existence of gas-liquid phase transition with a critical point occurring at q c = 0.1213 and T~ = 0.0976. Again, by integrating the compressibility equation of states, Barboy [14] was able to obtain an analytical chemical potential p valid both in the one-and two-phase regions. Having the chemical potential and pressure, one can then obtain the coexistence curve by solving for the coexisting gas and liquid densities at a given z, which is less than zc in the two-phase region. Figure 4 shows the coexistence line obtained this way in a z /~~ vs q/qc plot. In the same figure the corresponding spinodal line is also plotted in a dash line. The spinodal line is the loci of { T, q } where the isothermal compressibility diverges. It is seen that the coexistence curve is highly skewed toward the low volume fraction side, a feature which is often seen in micellar solutions and microemulsions. This is due to the interaction which is short range and strong and is in sharp contrast to the well-known Van der waal case, which is derived from an interaction that is long range and weak. To assess the degree of asymmetry on the gas and liquid sides, we have worked out the respective asymptotic behaviors:
These equations show that the PY approximation gives the mean field exponent P = 1/2.
One of the nicest feature of Baxter's model is, however, that one can also derive analytically the percolation loci in the ( 2, q ) plane. Coniglio et a1 [15] introduced a pairconnectedness function P(r) in 1977 in connection with development of a continuum percolation theory. Given a particle at the origin, 4nr2p P(r) dr is the number of particles in the spherical shell ( r, r+dr ) which are connected to this central particle and belong to the same cluster. Coniglio et a1 showed that P(r) also satisfied an Ornstein-Zernike type equation with a modified direct correlation function c+(r). By invoking the short range nature of the direct correlation function, namely, c+(r).= 0, for r > a, and the sticky sphere condition:
Chiew and Glandt [I61 was able to show that the average cluster size S is given by
The onset of percolation can be defined as the point where S diverges. Thus percolation loci in the { 2, q ] plane is given by q = l/h, leading to an equation: Figure 4 shows also a percolation line according to eq. (12) . In order to compare the theoretical phase diagram with the actual one, we have to specify the relationship between the stickiness parameter .5: and the temperature. Eq.(4) suggest that l / z is proportional to the interaction strength and the interaction strength should increase with temperature. because we have a lower consolute point. The simplest relationship with two parameters a and P is
We can try to fit the experimental coexistence curve using eq (13) and then predict the percolation loci with it. Figure 5 shows the results of choosing a = 40 and f3 = 300 and q=1.7@. 
Analvsis of SANS Data Below Tc SANS intensity distribution from a system of polydispersed spherical droplets can be written as [17]:
where Ap = pw-ps is the difference of scattering length densities of D20 and protonated -decane, 4, the volume fraction of D 2 0 , R=<R>, the average radius of the water core, and Z the index related to the polydispersity. The normalized, volume square averaged particle structure factor is defined as:
The form factor of a spherical particle of radius R is F(Q) = 3jl(QR)/(QR). The form factor averaged inter-particle structure factor is defined as:
The size average is taken with respect to a Schultz distribution, which is known to be accurate in the case of AOT/water/decane system [l] . In this case the degree of polydispersity is A R / < R > = (~+ Z ) -~/~ . The partial structure factor, Sij(Q), for a multicomponent sticky sphere system has been given by Robertus et a1 [18] , for i,j= 1 to 9, using Baxter's method. The Fortran package for calculating the partial structure factors has been kindly supplied to us by Dr. J.G.H. Joosten. The volume square averaged particle structure factor, assuming the Schultz distribution of sizes, had previously been given in an analytical form by Kotlarchyk et a1 [19] . Equation 14 is a three-parameter theory containing three adjustable parameters <R>, Z and 2. These parameters are functions of temperature and volume fraction. Here we assume that particles of different sizes have the same degree of stickiness.
SANS measurements were made at the Low Angle Biology Diffractometer at the High Flux Beam Reactor of Brookhaven National Laboratory. Wave length of neutrons was selected by a multilayer monochrometer at h=5.35 A with Ah/h=lO%. The sample to detector distance was set at 130 cm and the 50 cm by 50 cm area detector was offset 10 cm from the center so that the Q range covered from 0.012 A-l to 0.35 A-1 in a single measurement. Fig. 6 shows the result of fitting Eq. 14 to the data at @=0.08 and T=36. Circles are experimental data and the solid line is the fitted curve. Showing below are the particle structure factor (lower left) and the inter-particle structure factor (lower right) extracted from the fitting.
equivalent plot in a semilog scale. The lower left hand corner depicts the normalized, volume square averaged particle structure factor and the lower right hand corner gives the form factor averaged inter-particle structure factor. The fit is very good and from which we were able to extract <R>=59.4 A, closed to what we estimated in the introduction, and Z=11.04, corresponding to a poIydispersity index of 28.8 %. The dimensionless interaction parameter ~=0.1963, close to the critical value TC, since the state is very near the critical point. As can be seen, the average inter-particle structure factor shows a zero angle peak due to the critical scattering and is devoid of the first diffraction peak due to the low volume fraction. The slight wiggle around Q=0.25 is an artifact due to a finite sampling ( p=9 ) of the Schultz size distribution function. It does not affect the quality of the fit because the average particle structure factor already decays to below 10-4 in this Q range. Fig. 7 shows the fits to the other four lower temperature cases at the same volume fraction and their results. Upper left-hand corner displays the semilog plots of the intensities, each curve above 20 C being displaced upward by a factor five for the display purpose. Upper right-hand corner depicts variation of cR> as a function of temperature. Lower right-hand corner the same thing for Z. It is worth noting that as temperature increases the average water droplet size decreases and the size distribution slightly broadens, an expected trend in a micellar system. What is most pleasing to see is, however, that the temperature variation of 2,/2 comes out in the same form as eq. 13 except close to the critical point. This is shown in lower left-hand corner. Circles are results of the fits and the solid line is eq. 13 with a=21. 4 We next focus our attention to a typical high volume fraction region where the Percus-Yevick approximation for hard-sphere system is sill accurate. Specifically, we discuss the case of +=0.50. Recall from Fig. 1 , the percolation temperature is about 28 C at this volume fraction. Fig. 8 shows a sequence of similar plots as in Fig. 6 , but for (P=0.5. Note the difference between the high and the low volume fraction cases: the inter-particle structure factor shows a first diffraction peak rather than a zero angle peak, because we are at a high volume fraction and far away from the critical point. Note also that the average structure factor has only the first diffraction peak and all the subsequent higher order peaks are washed out by the polydispersity. The average water core radius is 71.6 A and the polydispersity index 28.4%. Fig. 9 shows the results of the analyses for all the temperatures at I$=0.50. The upper left-hand corner displays the absolute intensities in a semilog scale. Each curve above 25 C is displaced upward by a factor ten for displaying purpose. The average water core radius decreases and the size distribution broadens as the temperature is raised, similar to the low volume fraction case. However, the stickiness parameter .r: stays essentially constant at 100, indicating that the system behaves like hard spheres at high volume fractions, independent of temperature. In order to assess the adequacy of the method of data analyses using the polydispersed sticky sphere model given above, we present in Fig. 10 an alternative method of analysis using a Teubner-Strey model [21] . T-S model is applicable when the microstructure of a microemulsion is bicontinuous [5, 6] . The upper half of Fig. 10 indicates that for a microemulsion at (p=0.50 and T=20 C, the polydispersed hard-sphere model is more adequate. On the other hand, when the temperature is much above the percolation threshold, the applicability of the T-S model can be shown to become evident. Fig. 11 gives a comparison of the analyses using the two models for the case of (P=0.5 and T=36.5 C. The upper half of the figure shows the T-S model analysis and the bottom half the analysis using the polydispersed hard-sphere model. The chi squares are 35.8 and 21.5 respectively. We judge that the two model fits are equally satisfactory. In the T-S model, the two .
parameters extracted are: k=2a/d and 5 [21] . We previously gave a physical interpretation of the two parameters d and 5 for the case of microemulsions with equal volume fractions of water and oil. d is the average inter-domain distance between two adjacent water (or oil) domains in a bicontinuous structure. Although the parameter 5 has no direct physical meaning, the dimensionless parameter l / k c is proportional to the polydispersity of the domain sizes [22] . For the cases we discuss here, we can take k t as an order parameter representing the degree of order in the bicontinuous structure. For example as we approach the lamellar boundary, this order parameter should increase. This is indeed the case for +=0.50 microemulsions. As we go above the percolation temperature 28 C, where the T-S model becomes applicable, magnitude of the order parameter is seen to increase as the temperature goes higher. 
IV. Dvnamics of the Dro~let Number Densitv Fluctuation
We shall turn next to discussion of some aspects of the droplet dynamics near the percolation threshold. In 1985, Chen and Huang [23] observed an interesting dynamic slowing-down phenomenon in the AOT/H20/decane system at W=40, using photon correlation spectroscopy. Maintaining the temperature at 23 C , they measured a series of droplet density time correlation functions as a function of the droplet volume fraction. As cp was increased from 0.10 to 0.75, the first cumulant of the time correlation function continuously decreased until +=0.65 and then increased slightly after that. The cause of the slowing-down of the relaxation rate was at first attributed to the structural arrest in dense liquids due to the cage effect [24] . However, some experimental observations were inconsistent with the details of the predictions of the so called glass transition theory [25] in dense or supercooled liquids. Firstly, the microemulsion at @=0.65 is still a fluid, although the viscosity of it is about 100 fold greater than that of the pure decane. For a hard sphere system it is known [25] that the dynamic glass transition occurs at a packing fraction of about 0.5. So at 0.65 the system would have been a solid with a viscosity much more than 100 Poise. Secondly, the first cumulant showed an upturn after the volume fraction of 0.65, which is inconsistent with the notion that the structural arrest has occurred at @=0.65. Thirdly, the time correlation functions clearly showed an initial exponential decay at short time, with a well defined first cumulant, and then gradually evolved into a stretch exponential at longer time with a stretch exponent P varies between 0.9 and 0.6, depending on the volume fraction. Most puzzling fact was that the exponent P seemed to vary with the scattering angle, namely Q [17] , which is against the intuition that the exponent ought to be universal. The existence of the percolation line in this system was not realized until From Fig. 1 , it can be seen that at 23 C the percolation threshold occurs at a volume fraction of about 0.65. This may be the cause of the dynamic slowing-down. We shall outline below a theory of dynamic slowing-down, based on the percolation phenomenon, which is capable of explaining all the observed facts of the photon correlation measurements [26] . The starting point of our theory is an assumption that the dynamics of the droplets is dominated by diffusional motion of the percolation clusters. This assumption is expected to be good in the vicinity of the percolation threshold where large, transient fractal clusters are formed. Formation of the transient fractal clusters is a necessary condition for the dynamic percolation theory [9] to be valid, and which we have used to explain the conductivity exponent below the threshold in the introduction.
In light scattering, the wave length of light is much greater than the droplet size. Hence the particle structure factor is near unity and we can ignore it. First, we calculate the inter-particle structure factor Sk(Q) for a cluster containing k particles. We do this by Fourier transforming the cluster pair correlation function [27] :
where D is the fractal dimension of the clusters, Rk=Rlkl/D, the dimension of the kcluster, and R1 the average radius of the droplet. The result can be put in an analytical form With the structure factor, the intermediate scattering function I (Q,t) can be written as
The discrete sum can be converted into an integral over k by introducing a cluster size distribution function of the form: N(k) = k-'cexp(-k/S) [28] . In this expression z is the polydispersity exponent, S the average cluster size and D k =~l k -l / D the translational diffusion coefficient of the k-cluster. Numerical simulations for three-dimensional percolation clusters gave a fractal dimension D=2.5 and the polydispersity exponent 2=2. where a and b are known constants. Fig.12a illustrates the crossover from the small x behavior of eq. (21) to the large x behavior of eq. (22) using data taken at high volume fractions. Fig. 12b gives, as a comparison, the well-known critical slowing-down of therelaxation rate as we approach the critical point at +, = 0.10, Tc = 40 C from below. These data were taken from light scattering work of Rouch et a1 [30] . the circles are the available experimental time correlation functions. It should be noted that in order to cover the two asymptotic regions, experimental photon correlation functions have to be measured over the time range from microseconds to ten seconds. Thus, in practice, it is very difficult to measure a reliable value of the universal exponent p. In this connection, it is also easy to understand why the earlier measurements of photon correlation functions gave variable P, depending on both the volume fraction and Q. This is due to the fact that the time span of the measured correlation functions covered only microseconds to milliseconds. This situation corresponds to the data indicated in Fig. 13 , where all of them fell in the cross-over regime. Thus depending on the value of T each has, the fitted value of P is different. The upturn of the relaxation rate after I$ = 0.65 at T = 25 C is due to change of the microstructure of microemulsions from the droplet structure to a bicontinuous structure upon crossing the percolation line. One last thing we need to mention is the practical way of computing the scale variable x. We have to have a method of determining experimentally the correlation length 5 in order to compute x. According to a published data of Magazu et a1 [31] , the small angle light scattering intensity showed a definite peak at Q = 0. The intensity of this peak increases and the width decreases with the approach to the percolation threshold +p at constant temperature. This fact is illustrated by Fig. 14 . At a temperature T = 25 C, the small angle light scatterings were measured as a function of I$ from 0.05 to 0.48 [32]. Fig. 14a shows the peaking of the intensity on approaching the critical volume fraction Qc, a regular critical scattering. Fig. 14b , on the other hand, shows the similar peaking on approaching the percolation threshold (Qp around 0.59). In analogy with the critical scattering, we can describe the scattering intensity near the percolation threshold by an Ornstein-Zernike equation: the particle structure factor being near unity for the light scattering. Using this relation Tartaglia, Rouch and Chen [26] was able to deduce the volume fraction dependence of the correlation length at 25 C to be:
The correlation length calculated from eq. (25) was used to construct Fig. 12 and 13 .
V. Conclusion
We have given concrete evidence in this paper that the electrical percolation phenomenon observed in a three-component microemulsion system, AOT/water/decane, can be understood in terms of formation of transient polydispersed fractal clusters due to short-range attraction between microemulsion droplets. This attractive interaction increases in a certain way as the temperature increases. We gave a quantitative relation between the interaction strength and the temperature. This relation serves to explain the over-all feature of the phase diagram, including the cloud-point curve and the percolation line. Analyses of SANS data along a constant low volume fraction line below the critical temperature confirm such a functional relationship. On the other hand, analyses of SANS data at a high volume fraction indicate that, away from the critical point, the short-range inter-droplet structure is dominated by the hard-core interaction. However the 30% or so polydispersity washes out the intermediate-range structure and only the first diffraction peak in the inter-particle structure factor is discernible. The average droplet radius is seen to decrease with increasing temperature. Baxter's sticky sphere model, although successful at low volume fraction near the critical point, cannot reproduce the small angle light scattering peak near the percolation threshold, observed in the experiment of Magazu et a1 [31] . Without existence of this peak, the correlation length 5, which is an essential ingredient entering the scaling relation governing the dynamic slowing-down of the droplet density relaxation rate, cannot be introduced. It is thus utmost importance that some independent low angle light scattering experiments be done in the near future to further confirm the existence of this low angle intensity peak.
